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De Martino E, Salomoni SE, Winnard A, McCarty K, Lindsay
K, Riazati S, Weber T, Scott J, Green DA, Hides J, Debuse D,
Hodges PW, van Dieën JH, Caplan N. Hypogravity reduces trunk
admittance and lumbar muscle activation in response to external
perturbations. J Appl Physiol 128: 1044–1055, 2020. First published
March 12, 2020; doi:10.1152/japplphysiol.00756.2019.—Reduced
paraspinal muscle size and flattening of spinal curvatures have been
documented after spaceflight. Assessment of trunk adaptations to
hypogravity can contribute to development of specific countermea-
sures. In this study, parabolic flights were used to investigate spinal
curvature and muscle responses to hypogravity. Data from five trials
at 0.25 g, 0.50 g, and 0.75 g were recorded from six participants
positioned in a kneeling-seated position. During the first two trials,
participants maintained a normal, upright posture. In the last three
trials, small-amplitude perturbations were delivered in the anterior
direction at the T10 level. Spinal curvature was estimated with motion
capture cameras. Trunk displacement and contact force between the
actuator and participant were recorded. Muscle activity responses
were collected by intramuscular electromyography (iEMG) of the
deep and superficial lumbar multifidus, iliocostalis lumborum, longis-
simus thoracis, quadratus lumborum, transversus abdominis, obliquus
internus, and obliquus externus muscles. The root mean square iEMG
and the average spinal angles were calculated. Trunk admittance and
muscle responses to perturbations were calculated as closed-loop
frequency-response functions. Compared with 0.75 g, 0.25 g resulted
in lower activation of the longissimus thoracis (P  0.002); lower
responses of the superficial multifidus at low frequencies (P 0.043);
lower responses of the superficial multifidus (P  0.029) and iliocos-
talis lumborum (P  0.043); lower trunk admittance (P  0.037) at
intermediate frequencies; and stronger responses of the transversus
abdominis at higher frequencies (P  0.032). These findings indicate
that exposure to hypogravity reduces trunk admittance, partially
compensated by weaker stabilizing contributions of the paraspinal
muscles and coinciding with an apparent increase of deep abdominal
muscle activity.
NEW & NOTEWORTHY This study presents for the first time
novel insights into the adaptations to hypogravity of spinal curvatures,
trunk stiffness, and paraspinal muscle activity. We showed that
exposure to hypogravity reduces the displacement of the trunk by an
applied perturbation, partially compensated by weaker stabilizing
contributions of the paraspinal muscles and concomitant increase in
abdominal muscle responses. These findings may have relevance for
future recommendations for planetary surface explorations.
intramuscular electromyography; low gravity; lumbar spine; parabolic
flight; trunk stabilization
INTRODUCTION
The spine is affected by exposure to microgravity (42).
During a space mission, the spinal column lengthens more than
two times the average daily values (7, 48). The length change
has been attributed to an increase of disk height beyond normal
viscoelastic limits and to a reduction of the thoracic and lumbar
curvatures (48). These morphological adaptations may weaken
the annulus fibrosus, increasing the risk of herniated nucleus
pulposus when gravity returns (21). Prolonged spinal unload-
ing is also associated with trunk muscle atrophy, in particular
the muscles that maintain an upright posture (25, 26). Studies
using magnetic resonance imaging (MRI) have shown that
long-duration spaceflight reduces paraspinal muscle cross-sec-
tional area by ~8–9% at the L3–L4 vertebral level (3) and this
reduction correlates with postflight decreases in lumbar lordo-
sis (3). Impaired lumbar muscle function may increase the risk
of traumatic stress of the intervertebral disk (IVD), in partic-
ular if the IVD is degenerated. In the absence of muscle
contraction, buckling of the spine may cause IVD injuries, as
these can occur with a rotation of as little as 2° in a healthy
spine (15). However, to date only morphological evidence of
muscle atrophy after long-term space missions is available (8,
27), and no studies have investigated the acute effect of
transient reduction of gravity on lumbar muscle function.
Investigation of the effects of transient exposure to different
gravitational levels on the neuromuscular activity of trunk
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muscles will allow the identification of which muscles are most
sensitive to the gravitation transitions involved in spaceflights.
This knowledge is a first step toward understanding the impacts
of exposure to this environment and for the development of
tailored countermeasures to prevent back pain and spinal injury
in astronauts.
Recently, a new framework has been developed to evaluate
low-back stabilization by measuring trunk displacements
around upright posture in response to unpredictable and com-
pletely known destabilizing perturbations delivered to the tho-
rax (17, 43). The activity from paraspinal and abdominal
muscles is also recorded with electromyography (EMG) and
used to assess their contribution to trunk stabilization (30, 50,
52). Using this well-defined framework in a controlled envi-
ronment of hypogravity could help researchers to understand
the mechanisms and gravity dependencies of trunk stabiliza-
tion, as well as identify which paraspinal and abdominal
muscles are most affected.
The present study aimed to determine the acute effects of
hypogravity at 0.25 g, 0.5 g, and 0.75 g on trunk admittance,
which describes the trunk displacement as a function of contact
force, and on the activity of the abdominal and paraspinal
muscles at rest as well as during trunk perturbation. As hypo-
gravity is expected to reduce the destabilizing effects of gravity
on the trunk, we hypothesized that acute exposure to hypo-
gravity would reduce trunk admittance during external pertur-
bations in a dose-dependent manner. With the reduced require-
ment for stabilization, we further hypothesized that hypograv-
ity would also decrease the contribution of paraspinal muscles
and induce flattening of the lumbar lordosis during upright
posture.
MATERIALS AND METHODS
Participants. Six healthy volunteers (5 men, 1 woman; 41 8 yr,
180 9 cm, and 74  12 kg) provided written informed consent to
participate in the study, which received ethical approval from the
Agence Française de Sécurité Sanitaire des Produits de Santé and
the Northumbria University Institutional Review Board. The sample
size was limited by the inherent restrictions associated with this single
European Space Agency-funded flight parabolic campaign. Partici-
pants were pain-free at the time of testing and reported that they did
not have a history of chronic musculoskeletal or other medical
disorders that would affect the study. Participants received a subcu-
taneous injection of scopolamine hydrobromide (0.25 mg/1 mL) to
prevent motion sickness during the flight.
Study design. Three parabolic flights were provided by NOVE-
SPACE in Bordeaux-Mérignac Airport (Bordeaux, France). Each
parabolic flight session comprised 31 parabolas, with a single famil-
iarization parabola followed by three sets of 5 parabolas at 0.25 g, 0.5
g, and 0.75 g (total: 15 parabolas). These three sets of 5 parabolas
were then repeated within the same flight session, allowing the
assessment of two participants during each session. The sequence of
parabolas during the first flight session was 0.25 g, 0.5 g, and 0.75 g
(day 1); during the second flight session 0.5 g, 0.75 g, and 0.25 g (day
2); and during the third flight session 0.75 g, 0.25 g, and 0.5 g (day 3).
Each parabola comprised five time windows with distinct gravity
conditions: level flight (1 g); hypergravity (~1.8 g) during the initial
pull-up phase (15–22 s, depending on the target g level); hypogravity
at 0.25 g, 0.5 g, or 0.75 g (24 s, 36 s, or 55 s, respectively); and a
second period of hypergravity (~1.6–1.8 g) during the pull-out phase
of the parabola (15–22 s, depending on the target g level), before
returning to level flight at 1 (Fig. 1). All the analyses of this study
focused on the periods of hypogravity.
Two participants were assessed during each parabolic flight; thus
15 parabolas per participant yielded 5 parabolas (trials) at each g level.
During the first two experimental parabolas at each gravity level,
participants were asked to relax while maintaining an upright posture
with their arms by their sides (rest). During the subsequent three
parabolas at each gravity level, participants were asked to resist a
series of small-amplitude trunk perturbations controlled by a linear
actuator (perturbation).
Rest: spinal curvature and muscle activity. Participants assumed a
kneeling-seated position. Restraints were placed below the anterior
superior iliac spine and the posterior superior iliac spine to reduce
pelvic motion. Participants were blindfolded and were instructed to
maintain their head in an upright and consistent position to minimize
the changes in contribution of the visual and vestibular information
(other than that induced by acceleration due to gravity) to stabilization
of the trunk (Fig. 2). Six reflective markers (diameter 14 mm) were
attached with double-sided adhesive tape over the spinous processes
of C7, T3, T7, T12, L3, and S1. A three-dimensional motion capture
system with 14 opto-electronic cameras (Vertex; Vicon Motion Sys-
tems, Oxford, UK), controlled by Nexus (version 2.7) software, was
used to record marker trajectories at a sampling rate of 200 Hz. The
motion capture system was calibrated after takeoff with a standard
dynamic protocol with a five-marker calibration wand. System cali-
bration was accepted when the image error was 0.2 mm.
Spinal muscle activity was recorded with bipolar fine-wire intra-
muscular electromyography (iEMG) electrodes: two Teflon-coated
75-m stainless steel wires with 1 mm of insulation removed from the
ends, bent back to form hooks at 2- and 3-mm lengths and threaded
into a hypodermic needle (22 gauge  5.08 cm). On the right side,
electrodes were inserted with ultrasound guidance (Logiq E BT12;
General Electric, Duluth, MN) with a linear transducer (12L-RS;
General Electric, Duluth, MN) into the deep lumbar multifidus (deep
MF), superficial lumbar multifidus (superficial MF), iliocostalis lum-
borum pars lumborum (IL), longissimus thoracis pars thoracis (LO),
Fig. 1. Schematic depicting the different
phases of parabolic flight profile at each grav-
itational level (0.25 g, 0.50 g, and 0.75 g).
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quadratus lumborum (QL), transversus abdominis (TrA), obliquus
internus (OI), and obliquus externus (OE) muscles on the right side of
the trunk.
For deep MF, the needle was inserted 3 cm lateral to the L4
spinous process until the needle reached the most medial aspect of the
lamina L4 (37). For superficial MF, the needle was inserted ~3 cm
lateral to the L4 spinous process to ~10 mm below the skin surface
(37). For IL, the needle was inserted ~8 cm lateral to the L2 spinous
process ~10 mm below the skin surface (9). For LO, the needle was
inserted ~4 cm lateral to the T10 spinous process directed toward the
dorsal aspect of the transverse process (28). For QL, the needle was
inserted ~10 cm lateral to the L3 spinous process near the muscle’s
medial border (39). For OE, OI, and TrA, the needle was inserted
midway between the anterior superior iliac spine (ASIS) and the rib
cage into the belly of each muscle, with ~10 mm between insertion
sites (19). After insertion, the hypodermic needles were removed,
leaving only the wires in situ.
Each electrode was connected to a wireless EMG preamplifier
(Trigno; Delsys, Boston, MA) with spring contact sensors. The
sensors were attached to the skin of the participant with adhesive tape.
EMG signals were preamplified (100), transmitted telemetrically to
a data receiver (Trigno Digital Base Station; Delsys, Boston, MA),
band-pass filtered (25–1,000 Hz), sampled at 2,000 Hz (Lock;
Vicon Motion Systems, Oxford, UK), and stored for later analysis
(Nexus 2.7; Vicon, Oxford, UK). During data analysis, EMG signals
were digitally filtered with a band-pass filter of 50–1,000 Hz.
Perturbation: muscle responses and trunk admittance. Small-am-
plitude trunk perturbations were delivered to the trunk in the anterior
direction at the T10 level by a magnetically driven linear actuator
(GD250XS; NiLAB GmbH, Germany) with a stroke length of 0.7 m,
controlled by a servodrive (Xenus XTL; Copley Controls, United
States) as employed in previous studies (50, 52, 53). To help maintain
contact between the rod and the participant, a patch (5  5 cm) made
of thermoplastic material was shaped to attach to the participant’s
back at the appropriate level (Fig. 2). The linear actuator was con-
trolled with custom-made software (LabVIEW 2017; National Instru-
ments, United States) via a real-time data control and acquisition
system (NI 9063; National Instruments, United States). The linear
actuator recorded rod position with Hall effect sensors via a digital
input module (NI 9411; National Instruments, United States). A
subminiature load cell (LCM201-100N; Omega, United Kingdom)
was attached to the tip of the rod to measure contact force between the
rod and participant, with the signal conditioned by a bridge module
(NI 9237; National Instruments, United States) within the data acqui-
sition system. The load cell force signal was filtered with a fourth-
order low-pass Butterworth filter with a cutoff frequency of 400 Hz.
During trunk perturbations, participants were instructed to resist the
perturbation, thus minimizing flexion/extension excursion of the trunk
(52). The trunk perturbation started with a 3-s ramp force increase to
60 N of preload, designed to maintain contact with the participant’s
back. A dynamic disturbance (35 N) was then superimposed to the
preload (Fig. 3). The dynamic disturbance comprised a crested mul-
tisine of 10-s duration, containing 17 logarithmically spaced fre-
quency peaks with a bandwidth ranging from 0.3 to 15 Hz (Fig. 4).
The superimposed force was delivered pseudorandomly to avoid
voluntary activation on the perturbation (52). The actuator’s input
(target force) and position were sampled at 400 Hz and recorded with
the actual contact force.
Data collection and processing. The acceleration acting on the
participant (i.e., the resultant vector sum between the Earth’s gravi-
tational force and the aircraft acceleration) was recorded with a
three-axis accelerometer (Blue Thunder; Vicon IMeasureU Ltd.,
Auckland, New Zealand) fixed on an experimental rack. iEMG and
kinematic data were triggered by a digital signal sent from the
real-time control of the LabVIEW software for synchronization. For
each parabola, the time window used for analysis was manually
selected when the axial acceleration was stable at the corresponding
target gravity level (Fig. 4).
During rest, spinal curvature in the sagittal plane was estimated by
calculating the angle between the two corresponding spinal segments:
cervico-thoracic curvature (C7–T3 vs. T3–T7), thoracic kyphosis
(T3–T7 vs. T7–T12), thoraco-lumbar curvature (T7–T12 vs. T12–L3),
and lumbar lordosis (T12–L3 vs. L3–S1).
The amplitude of muscle activity during both rest and perturbation
was assessed as the root mean square (RMS) of each iEMG signal
with an epoch length of 500 ms. To compensate for intersubject
variability in iEMG amplitude and to enable comparison of amplitude
between conditions (within subject), the RMS iEMG from each trial
was normalized to the peak RMS iEMG recorded across the trials at
0.75 g. This condition was chosen as reference because it most likely
includes the highest levels of activation of the trunk muscles across
conditions and thus avoided potential inconsistencies in normalization
using smaller values.
With an algorithm developed and validated previously (52), closed-
loop system identification was used to estimate the trunk admittance
(the inverse of trunk stiffness) and the muscle responses as frequency-
response functions (FRFs) from the perturbation. The trunk admit-
tance describes the actuator displacement (xA) as a function of contact
force (FC). The muscle response describes the EMG amplitude of each
muscle (EMGj) as a function of the actuator displacement. Both were
evaluated in the frequency domain at the frequencies contained in the
perturbation (FPert) signal (Fig. 4).
Hˆadm f
SˆFPertxA f
SˆFPertFC f
; HˆEMGj f
SˆFPertEMGj f
SˆFPertxA f
with SˆFPertxAf representing the cross-spectral density between signals
FPert and xA, and so on. The corresponding coherence functions
associated with the admittance and each EMG response were also
calculated as described previously (52).
ˆadm
2  f S
ˆ
FPertxA f2
SˆFPertFPert fSˆxAxA f
;
ˆEMGj
2  f S
ˆ
FPertEMGj f2
SˆFPertFPert fSˆEMGjEMGj f
The coherence function evaluates the frequency-dependent input-
output correlation and can attain values from 0 to 1, where 1 reflects
Fig. 2. Experimental setup, showing the participant position and the linear
actuator applying a posterior-anterior force to the participant’s trunk at T10.
Note the 6 retroreflective markers positioned over the spinous processes of C6,
T3, T7, T12, L3, and S1.
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a perfect, noise-free association. To improve the accuracy in the
estimation of these frequency parameters, signals were divided in
sections of 10 s, each containing all the frequency components in the
perturbation protocol, and then averaged in the frequency domain.
The number of sections varied across gravity levels according to the
duration of the parabolas (see Fig. 1). The results of the FRF gains and
coherence were averaged across frequency bands, corresponding to
low (0.30–1.10 Hz), intermediate (1.65–3.55 Hz), and high (4.25–
15.00 Hz) frequencies, which are believed to represent different
trunk-stabilizing mechanisms (for more details see Ref. 52): the
low-frequency response reflects intrinsic stiffness and position feed-
back; the intermediate frequencies are dominated by intrinsic damping
and velocity feedback; and high frequencies are influenced by trunk
mass, force, and/or acceleration feedback (52).
Finally, to evaluate whether breathing interfered with the abdom-
inal and trunk muscle activity during the perturbation, the EMG power
at the main breathing frequency (which is generally ~0.2 Hz) was
expressed as a percentage of the total EMG power at frequencies
between 0 and 2 Hz (1).
Statistical analysis. Normality of data was assessed with the Sha-
piro–Wilk test. Normality having been established, one-way repeated-
measures ANOVAs were performed to compare spinal curvatures at
rest, the RMS iEMG, RMS iEMG power at 0.2 Hz, and FRF gains
from each frequency band, between gravity levels (0.25 g, 0.5 g, and
0.75 g; within-subject factor). Where appropriate, post hoc analyses
were performed using a Bonferroni multiple comparison test to
identify when gravity levels differed.
Repeated-measures correlation was used (with the R function
“rmcorr”) to assess the association between the mean axial accelera-
tion and the RMS EMG, spinal angles, EMG power at 0.2 Hz, and
FRF gains at each frequency band (4). Because of multiple correlation
analyses with the mean axial acceleration, significance level was
corrected by the number of muscles (0.05/8; P  0.00625) for RMS
EMG, EMG power at 0.2 Hz, and FRF gains at each frequency band
or the number of angles (0.05/4; P  0.0125) for the spinal angles.
All data are presented as means standard deviation (SD), unless
otherwise indicated. Statistical analyses were performed with Stata
(v14.0) for the one-way repeated-measures ANOVA and R (R-3.6.1)
for the repeated-measures correlation (function “rmcorr” not available
in Stata). Significance level was set at P  0.05, and corrections for
repeated measures were applied when relevant.
RESULTS
Participants and axial acceleration. The scopolamine hy-
drobromide, fine wire insertion, and parabolic flight were well
tolerated by all participants without any adverse effects. The
iEMG data from the deep MF muscle of one subject were
excluded because of excessive noise in the recordings.
The average axial accelerations (perpendicular to the long
axis of the aircraft fuselage) during the parabolas, recorded by
the accelerometer placed on the device frame, were 2.34 
0.02 m·s	2 (i.e., 0.239 g), 4.86  0.06 m·s	2 (i.e., 0.495 g),
and 7.33  0.02 m·s	2 (i.e., 0.747 g) during 0.25 g, 0.5 g, and
0.75 g, respectively.
RMS EMG and spinal curvatures during rest. A significant
effect of gravity level was found for the LO muscle RMS EMG
(F2,10  11.43; P  0.003). Post hoc testing demonstrated that
LO RMS EMG was 52.0  22.4% lower at 0.25 g than at 0.75
g (P  0.002). No significant differences were found between
0.25 g and 0.5 g (P  0.12) or between 0.5 g and 0.75 g (P 
0.11). There was no significant effect of gravity level on the
RMS EMG of the other trunk muscles (F2,10 all  2.15; P 

0.17) or the spinal angles (F2,10 all 0.60; P
 0.56; Table 1).
RMS EMG and power at 0.2 Hz (respiratory frequency)
during perturbation. A significant effect of gravity level was
found for the TrA RMS EMG (F2,10  9.91; P  0.005). Post
hoc testing demonstrated that TrA RMS EMG was 60.8 
Fig. 3. Raw traces recorded during perturbation from a representative participant and parabola (0.5 g). The target force (Force, N), position (Pos, mm), axial
acceleration (Accel, m·s	2), and intramuscular electromyography (iEMG, mV) of 8 muscles are displayed in the time domain (seconds). The time window of
interest (shaded area) was manually selected from the period when the axial acceleration was stable at the corresponding target gravity level. Trunk perturbations
started with a 3-s ramp force increase to 60 N of preload during the pull-up phase and terminated at the end of the pull-out phase of each parabola. IO, internal
oblique; TrA, transversus abdominis; IL, iliocostalis; QL, quadratus lumborum; LO, longissimus; sMF, superficial multifidus; dMF, deep multifidus; EO, external
oblique.
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43.8% greater at 0.25 g than at 0.75 g (P  0.005). No
significant differences were found between 0.25 g and 0.5 g
(P  0.22) or between 0.5 g and 0.75 g (P  0.19). There was
no significant effect of gravity level on the RMS EMG of the
other trunk muscles (F2,10 all  2.15; P 
 0.17) or the EMG
power of any muscle at 0.2 Hz (F2,10 all  3.27; P 
 0.081).
Frequency-response functions during perturbation. The fre-
quency-response functions (FRFs) presented coherence levels
ranging from 0.61  0.16 to 0.91  0.02 for trunk admittance
and from 0.19  0.09 to 0.76  0.02 for muscle responses
(Table 2). Based on the number of disjoint sections used for
each condition, the significance threshold for coherence in each
gravity level was 0.45 at 0.25 g, 0.31 at 0.5 g, and 0.24 at 0.75
g. The significance threshold for coherence was higher for the
lower gravity levels because the parabolas were shorter and
hence less data were available for the analysis. In general, the
coherence levels of the abdominal muscles were lower than
those for the back muscles because of lower myoelectric
activity during the task (Fig. 5).
For the gains at the low frequencies (0.3–1.10 Hz), a signif-
icant effect of gravity level was found for superficial MF
responses (F2,10  4.46; P  0.041) (Table 3). Post hoc tests
revealed lower superficial MF response gains at 0.25 g than at
0.75 g (P  0.043) (Fig. 6). No significant differences were
found between 0.25 g and 0.5 g (P  0.67) or between 0.5 g
and 0.75 g (P  0.29).
Fig. 4. A: time domain representation of the actuator’s input, showing the target force applied to the participant. B: Fourier transform of the actuator’s input,
indicating the low frequency (LF), intermediate frequency (IF), and high frequency (HF) bands. C: Fourier transform of the target force, contact force, and
actuator position calculated over a selected time window during perturbation. D: Fourier transform of the intramuscular electromyography (iEMG) of each muscle
during the same time window. EO, external oblique; IO, internal oblique; TrA, transversus abdominis; QL, quadratus lumborum; LO, longissimus; IL, iliocostalis;
MF, multifidus.
Table 1. Spinal angles averaged across all subjects
Spinal Angles 0.25 g 0.50 g 0.75 g F2,10 P
C7–T3 vs. T3–T7 15.3  6.2 15.7 5.1 15.7 4.8 0.17 0.846
T3–T7 vs. T3–T12 18.8  4.1 18.6 4.3 18.0 4.7 0.58 0.577
T7–T12 vs. T12–L3 5.6  6.4 5.5 7.0 4.9 6.5 0.60 0.568
T12–L3 vs. L3–S1 	4.7  4.0 	4.9  4.5 	4.7  3.7 0.06 0.939
Values are means  SD. One-way repeated-measures ANOVAs were used
to compare spinal angles between gravity levels (0.25 g, 0.5 g, and 0.75 g).
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For the gains at the intermediate frequencies (1.65–3.45 Hz),
a significant effect of gravity was found for the trunk admit-
tance (F2,10  4.31; P  0.045) and for the muscle response
gain of superficial MF (F2,10  5.14; P  0.029) and IL
(F2,10  4.65; P  0.037) (Table 4). Post hoc tests revealed
lower trunk admittance (P  0.045) and lower superficial MF
and IL muscle response gains (P  0.029 and P  0.043,
respectively) at 0.25 g than at 0.75 g (Fig. 6). No significant
differences were found between 0.25 g and 0.5 g (all P
 0.31)
or between 0.5 g and 0.75 g (all P 
 0.18).
For the gains at the high frequencies (4.25–15.00 Hz), a
significant effect of gravity level was found for the TrA
response (F2,10  4.93; P  0.034) (Table 5). Post hoc tests
showed greater TrA muscle response gains at 0.25 g than at
0.75 g (P  0.032) (Fig. 6). No significant differences were
found between 0.25 g and 0.5 g (P  0.33) or between 0.5 g
and 0.75 g (P  0.58).
Correlation between spinal angles, muscle activity, and
axial acceleration during rest and perturbation. A significant
correlation was found between the RMS EMG of LO muscle
during resting state and the axial acceleration [repeated-mea-
sures correlation (rrm)  0.83; P  0.004] (Fig. 7A) and
between the gains at the intermediate frequencies of superficial
MF and the axial acceleration (rrm  0.71; P  0.049) (Fig.
7B). No significant correlations were found between the axial
acceleration and any other parameter assessed: spinal angles,
RMS EMG at rest state or perturbation, EMG power at 0.2 Hz,
or the FRF gains for each frequency band (all rrm  0.70; P 

0.054).
DISCUSSION
This study demonstrates for the first time the immediate
effects of hypogravity on trunk stabilization and spinal muscle
responses. In comparison to the highest hypogravity condition
(0.75 g), low hypogravity (0.25 g) induced 1) lower myoelec-
tric activity of the LO muscle at rest; 2) lower trunk admittance
and lumbar muscle (superficial MF, IL) response during per-
turbation; and 3) greater TrA muscle responses during pertur-
bation. Taken together, these findings suggest that exposure to
hypogravity reduces the neuromuscular contribution of (anti-
gravity) trunk extensor muscles to control spinal posture at rest
(LO) and during perturbation (IL and superficial MF), with a
concomitant increase in deep abdominal muscle (TrA) re-
sponses to perturbations.
Spinal curvature and neuromuscular control of the spine at
rest. We hypothesized that the lumbar lordosis would become
more flattened and that the activity of the trunk muscles
required to maintain the lumbar lordosis in an upright posture,
such as the thoracic and lumbar erector spinae and the multi-
Table 2. Coherence between trunk admittance and trunk muscle responses at each of the frequency bands of interest
Low Frequency
(0.30–1.10 Hz)
Intermediate Frequency
(1.65–3.55 Hz)
High Frequency
(4.25–15.00 Hz)
0.25 g 0.50 g 0.75 g 0.25 g 0.50 g 0.75 g 0.25 g 0.50 g 0.75 g
Admittance 0.85 0.08 0.75 0.15 0.86 0.08 0.91 0.04 0.85 0.07 0.91 0.05 0.75 0.12 0.61  0.16 0.80  0.07
Superficial MF 0.54 0.13 0.56 0.06 0.68 0.13 0.71 0.12 0.72 0.06 0.74 0.14 0.42 0.09 0.36  0.13 0.40  0.15
Deep MF 0.64 0.25 0.63 0.21 0.67 0.13 0.75 0.17 0.70 0.19 0.76 0.05 0.44 0.14 0.42  0.14 0.38  0.15
IL 0.41 0.22 0.35 0.16 0.61 0.14 0.55 0.27 0.55 0.27 0.72 0.11 0.40 0.15 0.35  0.17 0.41  0.04
LO 0.37 0.16 0.29 0.21 0.32 0.25 0.59 0.21 0.45 0.31 0.40 0.31 0.39 0.13 0.28  0.17 0.24  0.14
QL 0.48 0.20 0.37 0.09 0.41 0.20 0.57 0.24 0.48 0.23 0.45 0.22 0.37 0.17 0.33  0.18 0.28  0.18
TrA 0.38 0.18 0.23 0.09 0.28 0.12 0.50 0.21 0.34 0.16 0.34 0.20 0.35 0.12 0.25  0.16 0.25  0.15
OI 0.29 0.10 0.28 0.17 0.21 0.15 0.35 0.10 0.32 0.24 0.27 0.14 0.31 0.08 0.29  0.16 0.19  0.09
OE 0.45 0.27 0.48 0.26 0.40 0.28 0.62 0.23 0.55 0.28 0.56 0.27 0.40 0.16 0.39  0.22 0.31  0.19
Values are mean SD coherence between trunk admittance and trunk muscle responses at each of the frequency bands of interest: low (0.30–1.10 Hz),
intermediate (1.65–3.55 Hz), and high (4.25–15.00 Hz). Coherence measures were averaged across participants. IL, iliocostalis lumborum; LO, longissimus
thoracis; MF, multifidus; OE, obliquus externus; OI, obliquus internus; QL, quadratus lumborum; TrA, transversus abdominis.
Fig. 5. The average  SE across subjects of the frequency-response functions, i.e., trunk admittance and EMG responses (top), as well as the corresponding
coherence functions (bottom). The average values and the SE across subjects can be observed at each frequency measured, corresponding to the peak frequencies
of the perturbation signal delivered by the actuator. MF, multifidus; IL, iliocostalis; QL, quadratus lumborum; LO, longissimus; TrA, transversus abdominis; IO,
internal oblique; EO, external oblique.
1049TRUNK STABILIZATION IN HYPOGRAVITY
J Appl Physiol • doi:10.1152/japplphysiol.00756.2019 • www.jap.org
Downloaded from journals.physiology.org/journal/jappl (086.025.204.246) on May 6, 2020.
fidus, would reduce when exposed to lower gravity levels
compared with higher gravity levels. Our data did not show
any change in spinal posture across conditions, and only the
muscle activity of the longissimus thoracis muscle was less in
low than high hypogravity. Activity of the deep and superficial
multifidus muscles and the lumbar iliocostalis (in sitting) is
greatest when the lumbar spine is in a position of lordosis (9),
in line with the principal role of the multifidus muscle to
produce posterior sagittal rotation of each vertebra, control the
lumbar lordosis, and compress the lumbar vertebrae and disks
Table 3. Amplitude of trunk admittance and muscle responses at low frequencies (0.30–1.10 Hz), averaged across all
subjects
Low Frequencies
(0.30–1.10 Hz) One-Way
Repeated-Measures
ANOVA P Value0.25 g 0.50 g 0.75 g
Admittance, m/N 0.91 0.46 2.40  1.24 2.46  2.05 F2,10  2.08 0.176
Superficial MF, V/m 4.01 3.27 5.32  3.77 7.48  3.59 F2,10  4.46 0.041
Deep MF, V/m 4.15  4.51 6.38  6.07 6.71  5.77 F2,8  2.67 0.129
IL, V/m 2.38  2.66 3.57  3.01 6.42  5.00 F2,10  3.72 0.062
LO, V/m 1.53 2.47 1.54  2.58 1.85  3.45 F2,10  0.65 0.543
QL, V/m 2.67 1.60 2.18  2.21 2.18  2.91 F2,10  0.45 0.652
TrA, V/m 3.12 2.37 2.97  3.07 1.83  1.70 F2,10  2.18 0.164
OI, V/m 0.55  0.37 1.58  2.57 0.77  1.21 F2,10  1.19 0.344
OE, V/m 2.45 2.11 2.88  3.09 2.70  2.82 F2,10  0.12 0.885
Values are mean  SD amplitude of trunk admittance and muscle responses at low frequencies (0.30–1.10 Hz) averaged across all subjects. One way
repeated-measures ANOVAs were used to compare admittance and muscle responses between gravity levels (0.25 g, 0.5 g, and 0.75 g). Boldface indicates P 
0.05. IL, iliocostalis lumborum; LO, longissimus thoracis; OE, obliquus externus; OI, obliquus internus; MF, multifidus; QL, quadratus lumborum; TrA,
transversus abdominis.
Fig. 6. Trunk admittance and EMG responses that were found to have significant differences between gravity levels. Values represent the group mean (bars) and
standard deviation (error bars). MF, multifidus; IL, iliocostalis; TrA, transversus abdominis. *Post hoc analysis gravity effect (P  0.05).
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(6). In the present study, participants maintained a relatively
flexed rather than lordotic position (around	4.8  4.1°; Table
1), which contrasts with the mean of around 	15  10° of
lordosis that can be achieved when participants are instructed
to sit with a lumbar lordosis and a thoracic kyphosis (9). This
most likely decreased the activation of these muscles in the
experimental position and may have limited the potential to
detect electromyographic changes.
With iEMG electrodes and recording locations similar to
those used in the present study, LO EMG of ~10–12% of the
maximal voluntary contraction (MVC) has been observed
when participants were instructed to sit with a lumbar lordosis
and a thoracic kyphosis, but only ~1% MVC was observed
when participants assumed a flexed/slumped posture of the
thoracic and lumbar spine (9). Tonic activation of LO at 8%
of MVC is necessary to maintain upright spine posture in
sitting in 1 g conditions (9). Those data indicate a relationship
between muscle activity and spinal postures to maintain the
upright vertebral column against gravity. The reduced LO
myoelectric activity observed in the present investigation in
lower gravity levels is most likely explained by an adaptation
of the muscle to reduced gravity.
Neuromuscular control of the spine during perturbation.
Consistent with our hypotheses, exposure to the lower gravity
levels induced lower trunk admittance (increased resistance
against perturbation) than that recorded at higher gravity lev-
els. That is, the displacement of the trunk by the applied load
was less at lower gravity levels, which is explained by reduced
destabilizing moments applied to the spine by lower gravity.
Gravity destabilizes the trunk by amplifying any displacement
resulting from the perturbation. This was despite reduced
responses of the superficial MF and IL muscles at 0.25 g,
which implies reduced reflexive drive to the paraspinal lumbar
muscle. The concomitant increase observed in the muscle
response TrA at higher frequencies during 0.25 g suggests
increased motor output of this abdominal muscle. In previous
studies, activity of the TrA muscle has been shown to contrib-
ute to spinal stabilization by increasing intra-abdominal pres-
sure and tensioning of the thoracolumbar fascia (18). However,
the mechanical effects of these mechanisms at such high
frequencies are unknown and potentially limited because of
damping in tissue deformation before force transfer to the
spine. Moreover, low values in the coherence function for TrA
indicate low reliability of these frequency estimates. Further-
Table 4. Amplitude of trunk admittance and muscle responses at intermediate frequencies (1.65–3.55 Hz) averaged across
all subjects
Intermediate Frequencies
(1.65–3.55 Hz) One-Way
Repeated-Measures
ANOVA P Value0.25 g 0.50 g 0.75 g
Admittance, m/N 0.39 0.19 0.55  0.20 0.75 0.28 F2,10  4.31 0.045
Superficial MF, V/m 15.17 17.03 23.52 18.93 30.08 17.83 F2,10  5.14 0.029
Deep MF, V/m 19.62 28.40 26.31 31.11 25.46 27.70 F2,8  3.83 0.068
IL, V/m 10.41 15.98 15.00 15.18 26.32 19.07 F2,10  4.65 0.037
LO, V/m 3.54 5.59 5.62  9.94 5.59 10.10 F2,10  1.22 0.335
QL, V/m 10.41 13.81 9.83 16.65 8.74 15.50 F2,10  0.66 0.539
TrA, V/m 5.77 3.76 4.45  2.92 3.98 3.59 F2,10  2.43 0.138
OI, V/m 1.16 1.22 2.73  2.46 2.14 2.72 F2,10  1.35 0.303
OE, V/m 6.61 7.10 7.83  7.82 8.39 8.63 F2,10  0.29 0.757
Values are mean SD amplitude of trunk admittance and muscle responses at intermediate frequencies (1.65–3.55 Hz) averaged across all subjects. One way
repeated-measures ANOVAs were used to compare admittance and muscle responses between gravity levels (0.25 g, 0.5 g, and 0.75 g). Boldface indicates P 
0.05. IL, iliocostalis lumborum; LO, longissimus thoracis; OE, obliquus externus; OI, obliquus internus; MF, multifidus; QL, quadratus lumborum; TrA,
transversus abdominis.
Table 5. Amplitude of trunk admittance and muscle responses at high frequencies (4.25–15.00 Hz) averaged across all
subjects
High Frequencies
(4.25–15.00 Hz) One-Way
Repeated-Measures
ANOVA P0.25 g 0.50 g 0.75 g
Admittance, m/N 0.34  0.29 0.27  0.08 0.28  0.03 F2,10  0.36 0.703
Superficial MF, V/m 147.91  192.00 208.77  148.93 206.85  139.69 F2,10  0.68 0.528
Deep MF, V/m 158.55 239.31 185.51  177.48 146.10  148.06 F2,8  0.38 0.695
IL, V/m 82.92 125.31 145.09  170.09 157.33  90.21 F2,10  0.86 0.451
LO, V/m 54.74 102.90 53.53  89.12 42.84  80.11 F2,10  1.03 0.393
QL, V/m 78.98 78.07 73.05  73.30 71.70  98.31 F2,10  0.39 0.684
TrA, V/m 90.51  67.17 65.99  55.19 46.58  35.11 F2,10  4.93 0.032
OI, V/m 24.11 33.66 44.61  50.12 20.26  24.48 F2,10  1.11 0.366
OE, V/m 49.37 48.29 79.45  87.13 45.78  35.73 F2,10  0.54 0.601
Values are mean SD amplitude of trunk admittance and muscle responses at high frequencies (4.25–15.00 Hz) averaged across all subjects. One way
repeated-measures ANOVAs were used to compare admittance and muscle responses between gravity levels (0.25 g, 0.5 g, and 0.75 g). Boldface indicates P 
0.05. IL, iliocostalis lumborum; LO, longissimus thoracis; OE, obliquus externus; OI, obliquus internus; MF, multifidus; QL, quadratus lumborum; TrA,
transversus abdominis.
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more, although increased TrA response may contribute to
decrease admittance, the response of that muscle increased at
the higher frequency range, whereas the admittance was lower
at the intermediate frequencies.
Several mechanisms may explain the observed reduction of
the neuromuscular responses to perturbation of the paraspinal
lumbar muscles at lower gravitational loads in the present
study. Neuromuscular responses are influenced by a range of
sensory inputs from proprioceptors, in addition to the visual
and vestibular systems that converge within spinal and su-
praspinal motor networks (11). Then, from the spinal and
supraspinal motor networks, a motor response to the trunk
muscles is generated to adjust the torque around the vertebrae
(29, 33, 34). As subjects were blindfolded, changes in visual
feedback probably contributed little to the changes in neuro-
muscular responses in the setup used in the present study (31,
51), but the muscle spindle responsiveness has been described
to play an important role in sagittal plane trunk stabilization
(50, 52).
Micro- and hypogravity affect neuromuscular mechanisms
at spinal (36, 38, 44, 47) and supraspinal (10, 49) levels.
Consistent with the reduced response observed in some lumbar
muscles, previous studies have shown reduced motoneuron
excitability in lower limb (“antigravity”) muscles (36, 44). The
Hoffman reflex (the electrical analog of the stretch reflex) in
the soleus muscle is reduced during hypogravity parabolic
flight and excitability of the motoneuron correlated with re-
duced gravitational forces (44). Although this has been inter-
preted to suggest gravity-dependent changes in spinal neurons
(36, 38, 47), H reflexes cannot exclude the effects of presyn-
aptic inputs on the Ia afferents. This is because the presynaptic
inhibition would reduce the response of the motoneuron to the
electrically evoked afferent discharge, even when motoneuron
excitability is unchanged, and presynaptic inputs are influenced
by descending inputs from supraspinal centers (29, 33, 40).
Another possible system involved in the reduction of the
muscle responses observed in the present study is the vestibular
apparatus. Animal studies provide evidence that muscle spin-
dle discharge is affected by vestibular stimulation (12, 41) via
descending inputs to gamma motoneurons (2), which modify
the sensitivity of muscle spindles. This effect (increased or
decreased excitability) is determined by the pattern of vestib-
ular input (12). The net outcome on alpha motoneuron excit-
ability is also affected by vestibular inputs to the synapse
between the Ia afferent from the muscle spindle and the alpha
motoneuron, which are depolarized by vestibular inputs. Taken
together, these observations could provide an explanation for
reduced activity of paraspinal muscle spindles in the present
study when gravity is reduced. Although plausible, human
studies using galvanic vestibular stimulation to modify vestib-
ular discharge have not observed changes in spindle afferent
discharge in leg muscles in awake humans (46). Although it is
possible that the effects on muscle spindles of paraspinal
muscles, which have some differences in neural pathways (13),
might respond differently from leg muscles, available data
suggest that direct effects of vestibular stimulation on spindle
afferents are unlikely to explain our results.
Functional magnetic resonance imaging (fMRI) has revealed
decreased intrinsic connectivity in the right posterior parietal
cortex (PPC) immediately after short-term gravitational alter-
ations induced by parabolic flight (49). This cortical area has a
role in integration of visual, proprioceptive, and vestibular
stimuli (5, 22) and has, via the superior longitudinal fascicle,
connections to motor and premotor areas of the cortex (32, 45).
Experimental facilitation or inhibition of the PPC by noninva-
sive cortical stimulation techniques causes transient increases
or decreases of the corticomotor excitability and motor behav-
iors (23, 24). Thus reduced corticomotor excitability secondary
to changes in PPC connectivity might explain the reduced
paraspinal muscle responses at lower gravity levels as observed
in the present study. Although plausible, one study of three
participants that evaluated responses to transcranial magnetic
stimulation (TMS) over the primary motor cortex during par-
abolic flights to replicate hypogravity reported a contrasting
increased amplitude of motor evoked potentials (MEPs) of the
lumbar paraspinal muscles (10). This does not necessarily
Fig. 7. Each dot represents the root mean square electromyog-
raphy (RMS EMG) of LO (longissimus) during rest and the
axial acceleration (A) and the muscle responses at the interme-
diate frequencies (1.65–3.55 Hz) of superficial multifidus (MF)
during trunk perturbation and the axial acceleration (B). Color
identifies participant, and colored lines show repeated-measures
correlation fits for each participant.
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contradict the results of the present study, as MEP amplitude is
determined by excitability of cells in the motor cortex and in
the spinal cord, and the effects of each cannot be differentiated
(14). Additionally, descending inputs from areas other than the
primary motor cortex are likely involved in muscle responses
measured with the experimental paradigm used in the present
study.
Of note, lower gravitational load reduced the responses of
the components of the paraspinal muscles that have capacity to
generate extension moments (i.e., LO, IL, superficial MF) and
maintain the upright posture of the spine when challenged by
gravity. In contrast, there was no significant effect on activa-
tion of deep MF in response to perturbation. The deep fibers of
the multifidus muscle have a limited moment arm, and there-
fore can contribute little to spinal extension (6, 37), and may
therefore have limited potential to counteract gravity. This
might explain why low gravity levels induced changes in
responses of superficial MF, LO, and IL but not deep MF. This
would suggest a lower, or a slower, impact of long-term
exposure to hypogravity on the deep MF.
One possible explanation for the increase in TrA muscle
activity with decreasing gravity levels may be an increase in
respiratory cycle length. Our data suggest this is unlikely, as
the EMG power of the TrA, OI, and OE muscles at 0.2 Hz was
not significantly changed.
Operational relevance and recommendations for planetary
surface explorations. The results of the present study indicate
that short-term exposure to hypogravity reduces paraspinal
muscle responses to trunk perturbations and, concurrently,
increases the abdominal muscle responses. These findings, and
those of previous studies, have shown several sensorimotor
adaptations during and after gravitational transitions in para-
bolic flights [e.g., reduced spinal reflexes (44), decreased
intrinsic connectivity in PPC (49), and increased corticomotor
excitability of the paraspinal muscles (10)]. If these transient
adaptations translate into longer-term effects, it is reasonable to
suggest that astronauts would experience modified neuromus-
cular control of paraspinal and abdominal muscles after long-
duration spaceflight. Given the reduction in muscle activity
observed at 0.25 g, it is plausible to expect even greater
reductions as gravity reduces further (i.e., to 0.16 g and 0 g as
present on the lunar surface and in deep space). If this reduc-
tion is maintained for long periods of time, capacity of the
paraspinal muscles would decline and activity-dependent mod-
ification of the trunk muscle behaviors may develop to adapt to
a different gravitational condition. This might then contribute
to impaired trunk stabilization when reexposed to terrestrial
gravity. Although the results of this study suggest that neuro-
muscular responses are very flexible and can rapidly adapt,
prolonged (i.e., weeks or months) activity-dependent modifi-
cation of the trunk muscle behavior would produce a long-term
reduction of muscle function, and the restoration might not
occur spontaneously. In view of these possible trunk neuro-
muscular adaptations, it might be necessary to consider meth-
ods to maintain the neuromuscular control of paraspinal and
abdominal muscles. For instance, sensorimotor training during
predictable or unpredictable trunk perturbations could be ap-
plied to maintain constant motor outputs to the paraspinal
muscles. In addition, monitoring the activity of the trunk
muscles could also be important to tailor specific trunk neuro-
muscular countermeasures for microgravity (16) before land-
ing on a planetary surface and to prepare for the reintroduction
of (hypo) gravity. Finally, the application of artificial gravity or
compressive axial loading may mitigate the sensorimotor ad-
aptations provoked by reduced gravity.
Limitations. There are some notable limitations to the pres-
ent study. First, sample size was small because of the intrin-
sically complex nature of parabolic flight campaigns and the
association limitation to the number of participants that can be
studied. Nevertheless, the observation of significant changes in
trunk stability and trunk muscle responses despite the small
sample size indicates consistent short-term effects of hypo-
gravity in trunk neuromuscular control. However, caution is
advised when generalizing results from small populations.
Although analysis of discharge properties of single motor
units (MUs) could be considered to disentangle effects of
microgravity at an individual MU level, our interest was to
understand the overall response of each muscle to the unpre-
dictable force. Previous work has validated this interpretation
from analysis of amplitude characteristics using the methods
applied in this study (31, 52, 53). The only difference com-
pared with prior studies was the application of several iEMG
wires instead of the surface (s)EMG. iEMG electrodes are
required to make selective recordings from the small, deep,
and multilayered muscles. In these cases conventional
sEMG electrodes are inappropriate because of cross talk
from adjacent and overlying muscles and signal degradation
caused by the nonlinear “volume conductor” effect of phys-
iological tissues (35).
Additionally, fixation of the pelvis and adoption of the
kneeling-seated position used in this setup, and the flexed
(nonlordotic) lumbar spine positioned position, probably lim-
ited the activity of the lumbar paraspinal muscles at rest. It is
uncertain whether the results relating to activity of the lumbar
muscles and the lumbar lordosis obtained during rest would be
comparable with results from participants in standing postures
without pelvic fixation.
Finally, the greater response of the trunk extensor (and
flexor) muscles is most likely a consequence of the anterior
direction of the perturbation applied to the trunk in the sagittal
plane. The application of lateral perturbations is likely to affect
the trunk muscles differently, potentially with greater re-
sponses of the quadratus lumborum, obliquus internus, or
externus abdominis muscles, although this needs to be directly
tested.
Conclusions. This study reports reduced trunk admittance
during perturbation in hypogravity. This reduction was asso-
ciated with reduced response of the trunk extensor muscles and
concomitant increase in transversus abdominis muscle re-
sponses. If these motor adaptations were to persist with long-
term exposure to hypogravity, they could plausibly have con-
sequences for the control and structure of these muscles.
Tailored countermeasures to stimulate the neuromuscular con-
trol of trunk and abdominal muscles may be required to reduce
the risk for development of modified trunk muscle behaviors
after long-term hypo- (micro-) gravity exposures.
GRANTS
Funding for this study was received from the UK Space Agency and
European Space Agency. P. W. H. was supported by a Fellowship
(APP1102905) from the National Health and Medical Research Council
(NHMRC) of Australia. S. E. S. was funded by a grant (APP1091302) from the
NHMRC.
1053TRUNK STABILIZATION IN HYPOGRAVITY
J Appl Physiol • doi:10.1152/japplphysiol.00756.2019 • www.jap.org
Downloaded from journals.physiology.org/journal/jappl (086.025.204.246) on May 6, 2020.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the authors.
AUTHOR CONTRIBUTIONS
E.D.M., S.E.S., A.W., K.L., T.W., J.S., D.A.G., J.H., D.D., P.W.H.,
J.H.v.D., and N.C. conceived and designed research; E.D.M., A.W., K.M.,
S.R., and N.C. performed experiments; E.D.M. and S.E.S. analyzed data;
E.D.M., S.E.S., T.W., P.W.H., J.H.v.D., and N.C. interpreted results of
experiments; E.D.M. prepared figures; E.D.M. drafted manuscript; E.D.M.,
S.E.S., A.W., K.M., K.L., S.R., T.W., J.S., D.A.G., J.H., D.D., P.W.H.,
J.H.v.D., and N.C. edited and revised manuscript; E.D.M., S.E.S., A.W., K.M.,
K.L., S.R., T.W., J.S., D.A.G., J.H., D.D., P.W.H., J.H.v.D., and N.C. ap-
proved final version of manuscript.
REFERENCES
1. Aljuraifani R, Stafford RE, Hall LM, van den Hoorn W, Hodges PW.
Task-specific differences in respiration-related activation of deep and
superficial pelvic floor muscles. J Appl Physiol (1985) 126: 1343–1351,
2019. doi:10.1152/japplphysiol.00704.2018.
2. Andersson S, Gernandt BE. Ventral root discharge in response to
vestibular and proprioceptive stimulation. J Neurophysiol 19: 524–543,
1956. doi:10.1152/jn.1956.19.6.524.
3. Bailey JF, Miller SL, Khieu K, O’Neill CW, Healey RM, Coughlin
DG, Sayson JV, Chang DG, Hargens AR, Lotz JC. From the interna-
tional space station to the clinic: how prolonged unloading may disrupt
lumbar spine stability. Spine J 18: 7–14, 2018. doi:10.1016/j.spinee.2017.
08.261.
4. Bakdash JZ, Marusich LR. Repeated measures correlation. Front Psy-
chol 8: 456, 2017. [Erratum in Front Psychol 10: 1201, 2019.] doi:10.
3389/fpsyg.2017.00456.
5. Block H, Bastian A, Celnik P. Virtual lesion of angular gyrus disrupts the
relationship between visuoproprioceptive weighting and realignment. J
Cogn Neurosci 25: 636–648, 2013. doi:10.1162/jocn_a_00340.
6. Bogduk N, Macintosh JE, Pearcy MJ. A universal model of the lumbar
back muscles in the upright position. Spine 17: 897–913, 1992. doi:10.
1097/00007632-199208000-00007.
7. Brown J. Crew height measurement. In: The Apollo-Soyuz Test Project
Medical Report., edited by Nicogossian A. Washington, DC: NASA,
1977, p. 119–121.
8. Chang DG, Healey RM, Snyder AJ, Sayson JV, Macias BR, Coughlin
DG, Bailey JF, Parazynski SE, Lotz JC, Hargens AR. Lumbar spine
paraspinal muscle and intervertebral disc height changes in astronauts after
long-duration spaceflight on the International Space Station. Spine 41:
1917–1924, 2016. doi:10.1097/BRS.0000000000001873.
9. Claus AP, Hides JA, Moseley GL, Hodges PW. Different ways to
balance the spine: subtle changes in sagittal spinal curves affect regional
muscle activity. Spine 34: E208–E214, 2009. doi:10.1097/BRS.
0b013e3181908ead.
10. Davey NJ, Rawlinson SR, Nowicky AV, McGregor AH, Dubois K,
Strutton PH, Schroter RC. Human corticospinal excitability in micro-
gravity and hypergravity during parabolic flight. Aviat Space Environ Med
75: 359–363, 2004.
11. Deliagina TG, Beloozerova IN, Zelenin PV, Orlovsky GN. Spinal and
supraspinal postural networks. Brain Res Brain Res Rev 57: 212–221,
2008. doi:10.1016/j.brainresrev.2007.06.017.
12. Eldred E, Granit R, Merton PA. Supraspinal control of the muscle
spindles and its significance. J Physiol 122: 498–523, 1953. doi:10.1113/
jphysiol.1953.sp005017.
13. Galea MP, Hammar I, Nilsson E, Jankowska E. Bilateral postsynaptic
actions of pyramidal tract and reticulospinal neurons on feline erector
spinae motoneurons. J Neurosci 30: 858–869, 2010. doi:10.1523/
JNEUROSCI.4859-09.2010.
14. Gandevia SC. Spinal and supraspinal factors in human muscle fatigue.
Physiol Rev 81: 1725–1789, 2001. doi:10.1152/physrev.2001.81.4.1725.
15. Gracovetsky SA, Iacono S. Energy transfers in the spinal engine. J
Biomed Eng 9: 99–114, 1987. doi:10.1016/0141-5425(87)90020-3.
16. Hides J, Hodges P, Lambrecht G. State-of-the-art exercise concepts for
lumbopelvic and spinal muscles—transferability to microgravity. Front
Physiol 10: 837, 2019. doi:10.3389/fphys.2019.00837.
17. Hodges P, van den Hoorn W, Dawson A, Cholewicki J. Changes in the
mechanical properties of the trunk in low back pain may be associated
with recurrence. J Biomech 42: 61–66, 2009. doi:10.1016/j.jbiomech.
2008.10.001.
18. Hodges PW, Gandevia SC. Changes in intra-abdominal pressure during
postural and respiratory activation of the human diaphragm. J Appl
Physiol (1985) 89: 967–976, 2000. doi:10.1152/jappl.2000.89.3.967.
19. Hodges PW, Richardson CA. Feedforward contraction of transversus
abdominis is not influenced by the direction of arm movement. Exp Brain
Res 114: 362–370, 1997. doi:10.1007/PL00005644.
21. Johnston SL, Campbell MR, Scheuring R, Feiveson AH. Risk of
herniated nucleus pulposus among U.S. astronauts. Aviat Space Environ
Med 81: 566–574, 2010. doi:10.3357/ASEM.2427.2010.
22. Kheradmand A, Winnick A. Perception of upright: multisensory con-
vergence and the role of temporo-parietal cortex. Front Neurol 8: 552,
2017. doi:10.3389/fneur.2017.00552.
23. Koch G, Fernandez M, Olmo D, Cheeran B, Schippling S. Functional
interplay between posterior parietal and ipsilateral motor cortex revealed
by twin-coil transcranial magnetic stimulation during reach planning
toward contralateral space. Neuroscience 28: 5944–5953, 2009. doi:10.
1523/JNEUROSCI.0957-08.2008.
24. Krause V, Bashir S, Pollok B, Caipa A, Schnitzler A, Pascual-Leone
A. 1 Hz rTMS of the left posterior parietal cortex (PPC) modifies
sensorimotor timing. Neuropsychologia 50: 3729–3735, 2012. doi:10.
1016/j.neuropsychologia.2012.10.020.
25. LeBlanc A, Lin C, Shackelford L, Sinitsyn V, Evans H, Belichenko O,
Schenkman B, Kozlovskaya I, Oganov V, Bakulin A, Hedrick T,
Feeback D. Muscle volume, MRI relaxation times (T2), and body com-
position after spaceflight. J Appl Physiol (1985) 89: 2158–2164, 2000.
doi:10.1152/jappl.2000.89.6.2158.
26. LeBlanc A, Rowe R, Schneider V, Evans H, Hedrick T. Regional
muscle loss after short duration spaceflight. Aviat Space Environ Med 66:
1151–1154, 1995.
27. LeBlanc A, Schneider V, Shackelford L, West S, Oganov V, Bakulin
A, Voronin L. Bone mineral and lean tissue loss after long duration space
flight. J Musculoskelet Neuronal Interact 1: 157–160, 2000.
28. Lee LJ, Coppieters MW, Hodges PW. Differential activation of the
thoracic multifidus and longissimus thoracis during trunk rotation. Spine
30: 870–876, 2005. doi:10.1097/01.brs.0000158956.77897.ec.
29. Li S, Zhuang C, Hao M, He X, Marquez JC, Niu CM, Lan N.
Coordinated alpha and gamma control of muscles and spindles in move-
ment and posture. Front Comput Neurosci 9: 122, 2015. doi:10.3389/
fncom.2015.00122.
30. Maaswinkel E, Griffioen M, Perez RS, van Dieën JH. Methods for
assessment of trunk stabilization, a systematic review. J Electromyogr
Kinesiol 26: 18–35, 2016. doi:10.1016/j.jelekin.2015.12.010.
31. Maaswinkel E, van Drunen P, Veeger DJ, van Dieën JH. Effects of
vision and lumbar posture on trunk neuromuscular control. J Biomech 48:
298–303, 2015. doi:10.1016/j.jbiomech.2014.11.030.
32. Makris N, Kennedy DN, McInerney S, Sorensen AG, Wang R, Cavi-
ness VS Jr, Pandya DN. Segmentation of subcomponents within the
superior longitudinal fascicle in humans: a quantitative, in vivo, DT-MRI
study. Cereb Cortex 15: 854–869, 2005. doi:10.1093/cercor/bhh186.
33. Manuel M, Zytnicki D. Alpha, beta and gamma motoneurons: functional
diversity in the motor system’s final pathway. J Integr Neurosci 10:
243–276, 2011. doi:10.1142/S0219635211002786.
34. McCall AA, Miller DM, Yates BJ. Descending influences on vestibu-
lospinal and vestibulosympathetic reflexes. Front Neurol 8: 112, 2017.
doi:10.3389/fneur.2017.00112.
35. Merletti R, Farina D. Analysis of intramuscular electromyogram signals.
Philos Trans A Math Phys Eng Sci 367: 357–368, 2009. doi:10.1098/rsta.
2008.0235.
36. Miyoshi T, Nozaki D, Sekiguchi H, Kimura T, Sato T, Komeda T,
Nakazawa K, Yano H. Somatosensory graviception inhibits soleus H-re-
flex during erect posture in humans as revealed by parabolic flight
experiment. Exp Brain Res 150: 109–113, 2003. doi:10.1007/s00221-003-
1414-8.
37. Moseley GL, Hodges PW, Gandevia SC. Deep and superficial fibers of the
lumbar multifidus muscle are differentially active during voluntary arm
movements. Spine 27: E29–E36, 2002. doi:10.1097/00007632-200201150-
00013.
38. Nomura T, Kawano F, Ishihara A, Sato Y, Mitarai G, Iwase S,
Kamiya A, Mano T, Ohira Y. Enhanced Hoffman-reflex in human soleus
muscle during exposure to microgravity environment. Neurosci Lett 316:
55–57, 2001. doi:10.1016/S0304-3940(01)02367-9.
39. Park RJ, Tsao H, Cresswell AG, Hodges PW. Differential activity of
regions of the psoas major and quadratus lumborum during submaximal
1054 TRUNK STABILIZATION IN HYPOGRAVITY
J Appl Physiol • doi:10.1152/japplphysiol.00756.2019 • www.jap.org
Downloaded from journals.physiology.org/journal/jappl (086.025.204.246) on May 6, 2020.
isometric trunk efforts. J Orthop Res 30: 311–318, 2012. doi:10.1002/jor.
21499.
40. Pierrot-Deseilligny E. Assessing changes in presynaptic inhibition of Ia
afferents during movement in humans. J Neurosci Methods 74: 189–199,
1997. doi:10.1016/S0165-0270(97)02249-8.
41. Pompeiano O. Vestibulospinal relations: vestibular influences on gamma
motoneurons and primary afferents. Prog Brain Res 37: 197–232, 1972.
doi:10.1016/S0079-6123(08)63904-7.
42. Ramachandran V, Dalal S, Scheuring RA, Jones JA. Musculoskeletal
injuries in astronauts: review of pre-flight, in-flight, post-flight, and extra-
vehicular activity injuries. Curr Pathobiol Rep 6: 149–158, 2018. doi:10.
1007/s40139-018-0172-z.
43. Reeves NP, Narendra KS, Cholewicki J. Spine stability: the six blind
men and the elephant. Clin Biomech (Bristol, Avon) 22: 266–274, 2007.
doi:10.1016/j.clinbiomech.2006.11.011.
44. Ritzmann R, Krause A, Freyler K, Gollhofer A. Gravity and neuronal
adaptation. Neurophysiology of reflexes from hypo- to hypergravity con-
ditions. Microgravity Sci Technol 29: 9–18, 2017. doi:10.1007/s12217-
016-9519-4.
45. Rozzi S, Calzavara R, Belmalih A, Borra E, Gregoriou GG, Matelli M,
Luppino G. Cortical connections of the inferior parietal cortical convexity
of the macaque monkey. Cereb Cortex 16: 1389–1417, 2006. doi:10.1093/
cercor/bhj076.
46. Bent LR, Sander M, Bolton PS, Macefield VG. The vestibular system
does not modulate fusimotor drive to muscle spindles in contracting leg
muscles of seated subjects. Exp Brain Res 227: 175–183, 2013. doi:10.
1007/s00221-013-3497-1.
47. Sato T, Miyoshi T, Nakazawa K, Yano H, Takeoka H. Reflex response
changes during hyper and microgravity. J Gravit Physiol 8: 97–99, 2001.
48. Sayson JV, Hargens AR. Pathophysiology of low back pain during
exposure to microgravity. Aviat Space Environ Med 79: 365–373, 2008.
doi:10.3357/ASEM.1994.2008.
49. Van Ombergen A, Wuyts FL, Jeurissen B, Sijbers J, Vanhevel F,
Jillings S, Parizel PM, Sunaert S, Van de Heyning PH, Dousset V,
Laureys S, Demertzi A. Intrinsic functional connectivity reduces after
first-time exposure to short-term gravitational alterations induced by
parabolic flight. Sci Rep 7: 3061, 2017. doi:10.1038/s41598-017-
03170-5.
50. van Dieën JH, van Drunen P, Happee R. Sensory contributions to
stabilization of trunk posture in the sagittal plane. J Biomech 70: 219–227,
2018. doi:10.1016/j.jbiomech.2017.07.016.
51. van Drunen P, Koumans Y, van der Helm FC, van Dieën JH, Happee
R. Modulation of intrinsic and reflexive contributions to low-back stabi-
lization due to vision, task instruction, and perturbation bandwidth. Exp
Brain Res 233: 735–749, 2015. doi:10.1007/s00221-014-4151-2.
52. van Drunen P, Maaswinkel E, van der Helm FC, van Dieën JH,
Happee R. Identifying intrinsic and reflexive contributions to low-back
stabilization. J Biomech 46: 1440–1446, 2013. [Erratum in J Biomech 47:
1928–1929, 2014.] doi:10.1016/j.jbiomech.2013.03.007.
53. Voglar M, Wamerdam J, Kingma I, Sarabon N, van Dieën JH.
Prolonged intermittent trunk flexion increases trunk muscles reflex gains
and trunk stiffness. PLoS One 11: e0162703, 2016. doi:10.1371/journal.
pone.0162703.
1055TRUNK STABILIZATION IN HYPOGRAVITY
J Appl Physiol • doi:10.1152/japplphysiol.00756.2019 • www.jap.org
Downloaded from journals.physiology.org/journal/jappl (086.025.204.246) on May 6, 2020.
